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Novel Transversity Properties in Semi-Inclusive Deep Inelastic Scattering 
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The T-odd distribution functions contributing to transversity properties of the nucleon and their 
role in fueling nontrivial contributions to azimuthal asymmetries in semi-inclusive deep inelastic 
scattering are investigated. We use a dynamical model to evaluate these quantities in terms of 
HERMES kinematics. 
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I. INTRODUCTION 

Transversity, as combinations of helicity states for the 
moving nucleon, is a variable introduced originally [lj to 
reveal an underlying simplicity in nucleon-nucleon spin 
dependent scattering amplitudes. The connection with 
the spin structure of the nucleon in terms of the chiral 
odd distribution h\(x) and its first moment, the tensor 
charge, emerged in the analyses of hard processes 0. 
These analyses revealed that to leading order in inverse 
powers of Q 2 , transversity is strongly suppressed in deep 
inelastic scattering and the non-conservation of the ten- 
sor charge makes predicting transversity fairly difficult. 
Until recently, our theoretical knowledge of transversity 
appeared limited to suggestive bounds placed on the lead- 
ing twist quark distributions in the form of the inequal- 
ity of Soffer 0. In principle, however transversity can 
be probed when at least two hadrons are present (as was 
known earlier e.g. Drell-Yan or in semi- inclusive deep 
inelastic scattering (SIDIS) 5]. These analyses inspired 
the first searches for transversity properties of the nu- 
cleon 0,0- Further, while probing transversity through 
exclusive single meson production has met with nega- 
tive results H , it has been suggested that the chiral odd 
off forward distribution can be probed when two vec- 
tor mesons are observed 0. Additionally, whe n q uark 
distributions are enriched with k± dependence [l(J, EH , 
while also allowing for time reversal odd (T-odd) behav- 
ior |l2l ll.'il IT^j , novel transversity properties of quarks 
in hadrons can be measured via asymmetries in semi- 
inclusive and polarized spin processes. For example, the 
distribution f^p(x, k±), representing the number density 
of unpolarized quarks in transversely polarized nucleons, 
may be entering the recent measurements of single spin 
asymmetries (SSAs) at HERMES and at RHIC g3 
in semi-inclusive pion electroproduction. Alternatively 
hi(x, k±), which describes the transfer of transversity to 



quarks inside unpolarized hadrons, may enter transverse 
momentum dependent asymmetries 0, 0, 0, 0] . 
Beyond the T-odd properties, the existence of these dis- 
tributions is a signal of the essential role played by the in- 
trinsic transverse quark momentum and the correspond- 
ing angular momentum of quarks inside the target and 
fragmenting hadrons in these hard scattering processes. 
In this paper we analyze the T-odd transversity prop- 
erties of quarks in hadrons which e merg e in SIDIS. We 
apply these results to predict cos 20 |l3j ] and Sivers 
asymmetries in terms of HERMES kinematics. 

From the standpoint of quark-target helicity flip ampli- 
tudes, what has emerged from analyzing transversity in 
inclusive, semi-inclusive, and exclusive processes is that 
angular momentum conservation requires that helicity 
changes are accompanied by transferring 1 or 2 units of 
orbital angular momentum, highlighting the essential role 
of intrinsic k± and orbital angular momentum in deter- 
mining transversity. The interdependence of transversity 
on quark orbital angular momentum and k± is a general 
property. This behavior was revealed in studying the poj 
vertex function associated with the tensor charge and 
in generalized meson production amplitudes in exchange 
models. In these cases, angular momentum conserva- 
tion results in the transfer of orbital angular momentum 
£ = 1 carried by the dominant J PC = l" 1 mesons to 
compensate for the non-conservation of helicity across 
the vertex. The corresponding conjugate dependence on 
powers of the intrinsic quark momentum is determined 
by these tensor couplings which involve helicity flips as- 
sociated with kinematic factors of 3-momentum transfer, 
as required by angular momentum conservation. This k± 
dependence can be understood on fairly general grounds 
from the kinematics of the exchange picture in exclusive 
pseudoscalar meson photoproduction and points to the 
fundamental role of rescattering as the source for non- 
trivial leading twist SSAs associated with transversity. 
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For large s and relatively small momentum transfer t 
combinations of the four helicity amplitudes involve defi- 
nite parity exchanges [2lJ • The four independent helicity 
amplitudes can have the minimum kinematically allowed 
powers, 

ft = fi+,o+ oc k]_, fi = fi+,o- oc k°j_ , 
h = fi-,o+ oc U = fi-,o- oc k]_. (1) 

However, in single hadron exchange (or Regge pole ex- 
change) parity conservation requires fi — ±/4 and ji — 
=F/3 for even/odd parity exchanges. These pair relations, 
along with a single hadron exchange model, force f% to 
behave like for small t. This introduces the k\ factor 
into /2- However for a non-zero polarized target asym- 
metry to arise there must be interference between single 
helicity flip and non-flip and/or double flip amplitudes. 
Thus this asymmetry must arise from rescattering cor- 
rections (or Regge cuts or eikonalization or loop correc- 
tions) to single hadron exchanges. That is, one of the 
amplitudes in 



P, 



2Im(fjf 3 - fth) 

z2j=1...4 \ fj I 



(2) 



must acquire a different phase. In fact rescattering rein- 
states /2 oc k^_ by integrating over loop k±, which effec- 
tively introduces a (kj) factor |2Jj. This is true for the 
inclusive process as well, where only one final hadron is 
measured; a relative phase in a helicity flip three body 
amplitude is required p3 |. 



II. T-ODD DISTRIBUTIONS IN 
SEMI-INCLUSIVE REACTIONS 



Recently rescattering was considered as a mechanism 
for SSAs in pion electroproduction from transversely 
polarized nucleons. Using the QCD motivated quark- 
diquark model of the nucleon [U |24| , the T-odd distri- 
bution function, f^j r (x ) kx) and the corresponding ana- 
lyzing power for the azimuthal asymmetry in the frag- 
menting hadron's momentum and spin distributions re- 
sulted in a leading twist nonzero Sivers |19l| asymme- 
try [irL |25| . Using the approach in Ref. |25|. we investi- 
gated the rescattering in terms of final state interactions 
(FSI) to the T-odd function h Hx) a nd corresponding 
azimuthal asymmetry in SIDIS |!6lll7| . The asymmetry 
involves the convolution with the T-odd fragmentation 
function, hi(x) *H^-(z) 13]. As mentioned in the intro- 
duction hi{x,k±) is complimentary to the Sivers func- 
tion and is of great interest theoretically, since it vanishes 
at tree level, and experimentally, since its determination 
does not involve polarized nucleons 0, 0, E, E, 0] . 

The T-odd distributions are readily defined from the 
transverse momentum dependent quark distributions 

El 

l2^ | where the well known identities for manipulating the 



limits of an ordered exponential lead to the expression 

x< J PRr,^)a t (ao,0|n)r(n|g(oo,0)^(0)|P}|, + . (3) 
and the path ordered exponential is 

g(oo,0=Vexp(-igJ™dt-A+(Z)j, 

and {\n)} are a complete set of states. While the path 
ordered light-cone link operator is necessary to main- 
tain gauge invariance and appears to respect factoriza- 
tion [14l.l25l . l26l ] when transverse momentum distributions 
are considered, in non-singular gauges [2^ it also 
provides a mechanism to generate interactions between 
an eikonalized struck quark and the remaining target. 
These final state interactions in turn gives rise to lead- 
ing twist contribution to the distribution functions that 
fuel the novel SSAs that have been reported in the liter- 
ature be in Emms. 

The Feynman rules for eikonal lines and vertices were 
derived sometime ago 0, |27 and applied to the T-odd 
Sivers function [25| and hj~ 2 113 recently. They are 
obtained by expanding the interactions in the path or- 
dered gauge link operator in Eq. J3J). With the tree level 
contribution vanishing, the leading order one loop con- 
tribution of final state interactions to the T-odd trans- 
verse quark distribution function comes from the first 
non-trivial term in the expansion. Modeling the remain- 
ing target in the quark-diquark model |23|,|25j, $' r ' takes 
the form 

(P®{C,iL)\n)(n\ (-iex A+(r,0K") 

xr^(0,0 ± )|P)|, + ^ o + h.c, (4) 

where e\ is the charge of the struck quark and now 
represents intermediate scalar di-quark specta- 
tor states. The quark-nucleon-spectator model used in 
previous rescattering calculations assumed a point-like 
nucleon-quark-diquark vertex, which leads to logarithmi- 
cally divergent, rc-dependent distributions. Yet we know 
there is a distribution of intrinsic transverse momenta 
among the constituents of the nucleon, as Drell-Yan pro- 
cesses show [2^ ■ To account for this fact and to also ad- 
dress the log divergence 0,0,0,0,113 we assume the 
transverse momentum dependence of the quark-nucleon- 
spectator vertex can be approximated by a Gaussian dis- 
tribution in k 2 201 



i\m\p) 



ft — 771 J <k 2 ± >TT 



U(P,S), (5) 



where g B (de fined henceforth as g) is the scalar diquark 
coupling [U 0i & is the momentum of the quark in 
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the target proton, kj_ and < > are the intrinsic and 
average intrinsic transverse momentum respectively, and 
U(P, S) is the nucleon spinor. The quark propagator 
comes from the untruncated quark line. Going to mo- 
mentum space, performing the loop integration, and fi- 
nally projecting the unpolarized piece from <I> [l " +75 ' re- 
sults in the leading twist, T-odd, unpolarized contribu- 
tion m 



"75] 



-hi(x, kx) 



["r-l M 

eie 2 g 2 b 2 (to + xM)(l - x) e + _ ±j k ±j 
2(2^)4^ X(jfeJ) k{ 

xe-K fe 5-- A (°))[r(0, 6A(0))-r(0, 6A(fci))] . 

(6) 

Here, ei is the gluon-scalar diquark coupling, and 
A(k 2 ± ) = k\ + (1 - x)m 2 + x\ 2 - x(l - x)M 2 , where 
M , to, and A are the nucleon, quark, and diquark masses 



respectively. Also, b 



where < k 2 , > is fixed 



below. As a check on our approach, letting b go to zero 
which is equivalent to letting < k\ >— > 00 and expand- 



ing the incomplete gamma function T(0, z) in powers of 
z = bA, we obtain the log divergent result [id Il7l Il8j . 
The average k\ is a regulating scale which we fit to the 
expression for the integrated unpolarized structure func- 
tion 



m = 



(2tt) 2 tt 2 (1 X) 

j (to + xM) 2 - A(0) 
X A(0) 



2b 



((to + 1M) 2 - A(0)) - l] e 2bA (°)r(0, 26A(0)) 



(7) 



which multiplied by x at < k\ >= (0.4) GeV 2 is in good 
agreement with the valence distribution of Ref . [3(j ■ 

The T-odd distribution is leading twist and IR finite 
and thus provides a phenomenological basis from which 
to model the fragmentation process, which along with the 
quark fragmentation function AM enters the hadronic 
tensor to leading order in 1/Q 2 [III ] 



J 



MW tiV (P,P h ,q)= / d 4 kd 4 p5 4 (k + q-p)Tr(^<5>(k)YA(p)) + 



(8) 



r 



Here k and p are the quark scattering and fragment- 
ing momenta. We consider this to be a reasonable phe- 
nomenological model, which avoids the log divergence in- 
volved in integrating over k±, while introducing an av- 
erage transverse momentum determined from spin aver- 
aged scattering. Additionally, this form factor approach 
is compatible with the parameterization of the fragmen- 
tation functions employed in 0, l3ll l33| to set the Gaus- 
sian width for the fragmentation function. It is worth 
noting that the functions and are equal (up to 
a sign) in the quark-scalar diquark model [161 Il8| . In 
the model calculation, the Sivers function is obtained by 
letting r = 7+ in Eq. ffl with the target polarized in the 
transverse direction |l8l I24I |25|. This supports the sug- 
gestion that the spin-independent cos 2<j) and single-spin 
sin(<^> — (f>s) Sivers asymmetries are closely related in hard 
scattering processes. 



III. ASYMMETRIES 

We discuss the explicit results and numerical evalu- 
ation of the spin- independent double T-odd cos 20 and 
single transverse-spin sin(</> — S ) asymmetries for n + 
production in SIDIS. We use the conventions established 
in p| f° r tne asymmetries. Being T-odd, appears 



with the H^~, the T-odd fragmentation function in ob- 
servable quantities. In particular, the following weighted 
SIDIS cross section projects out a leading double T-odd 
cos 2(f> asymmetry, 



'MM h 



• cos 2tj 



Jd 2 P, 



h± MM h 



cos 2(f) da 



Jd 2 P h ± da 

8(1 -y)E q 4hi {1) (x)z 2 Ht {1) (z) 

(l + (l-y) 2 )E 9 e 2 /iOr)ZM^) 

(9) 



where the subscript UU indicates unpolarized beam 
and target (Note: The non- vanishing cos 2<p asymme- 
try originating from T-even distribution and fragmen- 
tation function appears only at order 1/Q 2 [1(1 I32L l34| ). 
Additionally, the SSA characterizing the so-called Sivers 
effect is 



,\Phx\ ■ f 
< sin 



s))uT — 



Jd 2 P, 



\Ph± 

M 



■ sin 



- <t>s) da 



J d?P hl _ da 



(i + (i-y) 2 )E g ^/iT (1) (^-P?(^) 

(l + Ci--yf)j: q e 2 q fi(x)D 1 (z) 



(10) 
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FIG. 1: Left Panel: The {cos2(f>) uu asymmetry for ir + production as a function of a;. Right Panel: The {cos2cj>} uu asymmetry 
for 7r + production as a function of z. 
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FIG. 2: Left Panel: The * s) x dependent Sivers asymmetry. Right Panel: The * s) z dependent Sivers asymmetry. 
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FIG. 3: The z dependence of the ratio of the < cos2<^ > uu to ,4.^ * s> asymmetries. 
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where the subscript UT indicates unpolarized beam and 
transversely polarized target. The functions hf (x), 

/^'(x), and H^ X \z) are the weighted moments of the 
distribution and fragmentation functions |3l| where M 
and Mh are the mass of the target proton and produced 
hadron respectively. We evaluate the (cos2cj)) uu and 
^sin(0 <ps) aS y mrne t r i eSj under the it-quark dominance, 
obtained from the approximations, 



(cos 20) ^ 



MM h 



\PL\ 



(P£ x )"MM h 



cos 2c 



and 



(<#>-<#>s) 



M 



(ii) 



(12) 



in the HERMES kinematic range corresponding to, 1 
GeV 2 < Q 2 < 15 GeV 2 , 4.5 GeV < E n < 13.5 GeV, 
0.2 < z < 0.7, 0.2 < y < 0.8, and taking < P 2 ± >= 0.25 
GeV 2 and < P h± >= 0.4 GeV as input. The Collins 
ansatz 0, for the analyzing power of transversely po- 
larized quark fragmentation function H^(z), has been 
adopted l34l. For Di(z), the simple parameterization 
from Ref. |35| was used. In Figs. ^ and [21 the (cos 2</>) [/[/ 



and Au 



n(0-0 s ) 



of Eqs. (|12fl for ir + production on a proton 



target is presented as a function of x and z, respectively. 
Using A Q cd = 0.2 GeV, and fi = 0.8 GeV, Fig. [T] indi- 
cates approximately a 2% cos 20 asymmetry and Fig. [21a 
10% sin(0 — (f>s) asymmetry. In Fig. [3 we plotted the ra- 
tio of the z-dependence of the double T-odd cos 20 to the 
single spin sin(0 — 0s) asymmetry. The result is propor- 
tional to the z times the analyzing power of transversely 
polarized quark fragmentation and reflect the equality of 
hj^ and f^~ T functions in our approach. 



IV. CONCLUSION 

The interdependence of intrinsic transverse quark mo- 
mentum and angular momentum conservation are inti- 



mately tied with studies of transversity. This was demon- 
strated previously from analyses of the tensor charge in 
the context of the axial-vector dominance approach to 
exclusive meson photo-production pfjj]. and to SSAs in 
sidis EEl. In the case of unpolarized beam and tar- 
get, we have predicted that at HERMES energies there is 
a sizable cos 20 asymmetry associated with the asymmet- 
ric distributions of transversely polarized quarks inside 
unpolarized hadrons. In order to evaluate this asymme- 
try we have modeled the quark intrinsic momentum with 
a Gaussian distribution 20] . Further we have predicted 
the Sivers asymmetry, and elS cl el check on this approach, 
we also predict the ratio of the cos 20 to ^4 sm W-^s) 
asymmetries. This ratio is consistent with the ansatz 
of Collins 0. 

Beyond these model calculations it is clear that final 
state interactions can account for SSAs. In addition, it 
has been shown that other mechanisms, ranging from 
initial state interactions to the non-trivial phases of light- 
cone wave functions can account for SSAs. These 
various mechanisms can be understood from the context 
of gauge fixing as it impacts the gauge link operator in the 
transverse momentum quark distribution functions 
l2r| . Thus using rescattering as a mechanism to generate 
T-odd distribution functions opens a new window into 
the theory and phenomenology of transversity in hard 
processes. 
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